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ABSTRACT 
We report on an experiment and calculations that determine the thermal motion of a voltage-
clamped ssDNA-NeutrAvidin complex in an MspA nanopore. The electric force and diffusion 
constant of DNA inside an MspA pore have been determined in order to evaluate DNA’s thermal 
position fluctuations. We show that an out-of-equilibrium state returns to equilibrium so quickly 
that experiments usually measure a weighted average over the equilibrium position distribution. 
Averaging over the equilibrium position distribution is consistent with results of state-of-the-art 
nanopore sequencing experiments. It is shown how a reduction in thermal position fluctuations 
can be achieved by increasing the electrophoretic force used in nanopore sequencing devices. 
INTRODUCTION	
The protein nanopore MspA, with its relatively sharp and narrow pore constriction, has provided 
a very promising platform for sequencing DNA (1-6).  To measure a sequence-specific signal, 
single-stranded DNA (ssDNA) would ideally remain in a clamped state (see Fig.1A, top) created 
by two opposing forces: 1. the electrophoretic force driving DNA through the nanopore; and 2. 
an opposing force provided by a molecular stop, such as an enzyme (7), a region of double-
stranded DNA (dsDNA) (2), or any bound protein (6). The several nucleotides near the 
narrowest constriction of MspA control the passage of ionic current through the pore, providing 
a current measurement corresponding to the nucleotides in the constriction region.  One might 
then expect the length of the narrowest constriction of MspA to completely determine how many 
nucleotides contribute to the measured current signal. However, previous studies show that the 
actual length of DNA sampled during a current measurement is longer that the length of the 
pore’s constriction (1, 2, 6).  This raises an interesting question: Do thermal fluctuations of DNA 
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inside the pore affect the nucleotide resolution of the device, and can these fluctuations be 
minimized? 
For a short piece of DNA trapped in a pore using a molecular stop, the same thermal fluctuations 
that affect the positional sensitivity for sequencing can also cause the molecule to stochastically 
escape from the nanopore entirely (Fig. 1B, bottom). The distribution of escape times can be 
modeled as a one-dimensional, diffusive escape from an energy trap using the first-passage 
formalism.  Using this model, we extract values for the electrophoretic driving force and the 
diffusion constant from measurements of the escape time distributions at a range of clamping 
voltages. These parameters have previously been reported for the α-hemolysin nanopore using 
various experimental measurements and models (8-13), including approaches similar to ours (14). 
Even though the nucleotide discrimination regions of α-hemolysin have been mapped out (15), 
the 12-base-long beta-barrel constriction of α-hemolysin still makes it difficult to distinguish the 
mixing due to thermal motion from a purely geometric averaging effect.  Thus, in previous work, 
using the obtained electrophoretic driving force and diffusion constant for the evaluation of DNA 
thermal motion has not attracted significant attention. 
In this work, we measure escape times of an ssDNA-NeutrAvidin complex from MspA at low 
clamping voltages in order to calculate the thermal fluctuations of DNA under typical clamped 
sequencing conditions, and we show that these fluctuations can produce a weighted average over 
the bases near the constriction (Fig. 1A).  Such fluctuations have a direct impact on the 
observation that, while approximately 2 nucleotides fit into MspA’s narrowest constriction (1, 2), 
nearly 4-nucleotide resolution has been demonstrated in previous MspA work (4, 6).  Briefly, we 
model DNA motion as a one-dimensional diffusion process in a simplified energy trap landscape 
with a reflecting boundary and a sloping energy barrier created by the electrophoretic driving 
force (see Fig. 1B).  The electrophoretic driving force on DNA and the diffusion constant of 
DNA in an MspA pore are then extracted by fitting a first-passage model to the experimental 
escape times.  These parameters are used to evaluate the equilibrium position probability 
distribution as well as the time-dependent evolution toward equilibrium, which corresponds to 
sequencing conditions.  We find that the evolution of the position probability density from a non-
equilibrium state to equilibrium is much faster than 1µs.  Within our instrument bandwidth, the 
position fluctuations contribute to the measured current signal as a weighted average of position-
dependent current over the equilibrium position distribution.  This “thermal averaging” decreases 
the resolution of the MspA pore.  We determine that for typical sequencing conditions, 99% of 
the position probability distribution is spread over a 2~3-nucleotide region, and support this with 
previous MspA pore sequencing data showing the footprint of a single-nucleotide mutation in a 
poly-dA region, and we discuss how nucleotide resolution can be improved. 
EXPERIMENTAL APPROACH 
ssDNA-NeutrAvidin complex escape experiment 
The detailed procedure of the ssDNA-NeutrAvidin escape experiment is as follows.  DNA with a 
NeutrAvidin stop attached was first captured in an MspA pore by applying 160mV capture 
voltage.  This voltage is chosen based on the requirement that the ssDNA-NeutrAvidin complex 
must not escape backward out of the pore.  Our measurements show that poly-dA, with the 5’ 
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end leading, blocks 75.5% of the total open-pore current, which is slightly smaller than previous 
reports of 72.1% (6), but the value is reasonable considering this data is obtained using a 
different mutant of MspA.  20ms after a complex is trapped in the pore, the driving voltage is 
switched to a constant, reduced value.  While the driving voltage is low (35mV- 70mV), DNA 
captured by the nanopore (Fig. 2A) can more easily escape (as shown in Fig. 2), and cannot 
translocate through the pore due to the large size of the NeutrAvidin molecule.  The escape time 
of the DNA is defined as the duration from the moment the voltage switches to the low state to 
the moment the pore current returns to the open, unblocked state (as shown in Fig. 2C).   
EXPERIMENTAL DETAILS 
The MspA protein nanopore was provided by Oxford Nanopore Technologies, Inc., and is the 
G75S/G77S/L88N/D90N/D91N/D93N/D118R/Q126R/D134R/E139K mutant of wild-type 
MspA.  The methods for forming a single MspA nanopore in a lipid bilayer membrane are 
described in several papers (1, 16, 17).  Briefly, a lipid membrane composed of 1,2-diphytanoyl-
sn-glycero-3-phosphocholine [DPhPC] (Avanti Polar Lipids, Inc.) is formed on a 30 micron 
diameter Teflon aperture, separating two reservoirs filled with a buffer solution containing 1M 
KCl, 10mM HEPES at pH 8.0.  Hexadecane was used as the hydrophobic lipid solvent, which 
creates an annulus connecting the lipid bilayer to the Teflon support.  A voltage bias was applied 
across the lipid membrane using Ag/AgCl electrodes.  During experiments, the measured current 
and voltage were low-pass filtered at 10kHz and recorded at a sampling frequency of 250kHz 
using an Axopatch 200B (Molecular Devices, Sunnydale, CA).  A single pore insertion was 
characterized by approximately 2.3nS conductance at 23Ԩ, ambient room temperature. 
DNA was purchased from IDT with HPLC purification.  The DNA used in these experiments 
was a single strand of poly-dA, 27 nucleotides in length, with a 3’ biotin.  ssDNA was mixed 
with NeutrAvidin (Thermo Scientific) in a 1:3 (ssDNA:NeutrAvidin) molar ratio by slowly 
adding ssDNA to a concentrated NeutrAvidin solution while stirring, in order to ensure that most 
NeutrAvidin proteins had only one ssDNA bound.  Approximately 10pM NeutrAvidin-DNA 
complex was loaded into the reservoir where the ground electrode is connected. 
The voltage control setup is based on an Arduino microcontroller with a digital-to-analog output 
converter.  The Arduino is programmed to react to certain conductance conditions by adjusting 
the command voltage appropriately, which it sets using the voltage input of the Axopatch 200B.  
RESULTS AND DISCUSSION 
Determination of electrophoretic driving force and diffusion constant 
By repeating the capture and escape process illustrated in Fig. 2, a distribution of escape times 
esct can be obtained, as shown in Fig. 3A-C. According to the first-passage formalism, the escape 
time from an energy trap should follow an exponential distribution with a time constant that 
depends on the clamping voltage (14). However, at long times it has previously been found that 
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the distribution follows a power law, likely as a result of DNA-pore specific interactions (14). In 
order to thus restrict our analysis to the relevant short time exponential region of the data, we 
first estimate the exponential time constant using the median of the recorded escape times as 
0 median( ) / ln(2)esct  . We then include escape time data below an upper limit of 2.5 0  
(separately for each voltage) and above the lower limit of 0.1ms (depicted in Fig. 3A-C, shaded 
region). The latter is based on the 10kHz low-pass filter used while taking the data. The 
exponential time constant   was then obtained by performing a chi-square fit (18) of the 
exponential function exp( / )A t   to the escape time distribution, using a bin width of 0.25 0  
with an error based on Poisson counting statistics. The binned data and fit exponential curve are 
shown in Fig.3A. The robustness of the fitting procedure was verified by changing the bin width 
by 00.2 and the upper limit by 00.5  and it was found that the final results for   change by 
less than its standard deviation deduced from the chi-square procedure. The impact on the 
calculation of the electrophoretic driving force and diffusion constant will be discussed later. 
As shown in Fig. 3D, the average escape time can be plotted as a function of the clamping 
voltage from 35mV to 70mV.  We fit the curves with a first-passage model in order to extract the 
electrophoretic driving force and diffusion constant, as described in our previous work (19).  The 
point where MspA’s narrowest constriction meets the ssDNA captured inside the pore is defined 
as a “walker,” diffusing along a domain of [0, ]domainx L .  x = 0 is the position of MspA’s 
constriction along the ssDNA when the NeutrAvidin is pulled against the entrance to the pore’s 
vestibule, and  domainx L  is the position of MspA’s constriction along the ssDNA when the end 
of the ssDNA tail escapes from the constriction altogether.  By considering the length of 
DNA(20) and the total size of the MspA pore (6, 21), domainL  is set to be the length of 14 
nucleotides, with length per base 0a =0.5nm.  According to the first-passage approach, we define 
the probability of passage times as  0 ,escf x t dt , which represents the probability that the DNA 
escapes from the pore back into solution within a time between t and t + dt, given an initial 
starting position x0.  This probability function obeys the adjoint Smoluchowski equation: 
     20 0 0
2
0 0
, , ,esc esc escf x t f x t f x tF D
t x x
     
An absorbing boundary is set at the end of the ssDNA tail,    
0
0 ,
domain
esc x L
f x t t  , representing 
the end of an escape process.  The repulsive force caused by the NeutrAvidin’s attempt to enter 
the vestibule of the nanopore can be represented in a simplified manner as a reflecting boundary 
at x = 0:  
0
0
0 0
,
0esc
x
f x t
x 
  .  This boundary condition is based on the assumption that the 
electrophoretic driving force used in the experiment is not strong enough to detach NeutrAvidin 
from the 3’ biotin linker on the ssDNA, an assumption that previous experiments have proven 
valid (6).  The initial condition is fesc x0,0   0,  x0  Ldomain  .  Here D and   are the diffusion
constant and drag coefficient, which are related through the fluctuation-dissipation theorem.  The 
force applied to DNA in this domain can be written as V entropyF F F  .  This force includes the 
5 
electrophoretic driving force, VF , which is commonly defined as an effective charge density 
multiplied by the potential drop across the nanopore (22, 23), V effF V .  The total force also 
includes an entropic force that is attributable to the conformational freedom of the ssDNA, entropyF .  
entropyF  is negligible on most of the domain, except when only the very tail end of the ssDNA is 
inside the constriction region of the pore.  The entropic force would then be /entropy B KuhnF k T l , 
for domain Kuhn domainL l x L   , where Kuhnl  is the Kuhn length of ssDNA, approximately 1.5nm 
(16, 20).  Other than that, the entropic effect can be neglected since the entropy does not vary 
much over the rest of the domain.  Hence, the only free parameters in the adjoint Smoluchowski 
equation are the effective charge, eff , and the diffusion constant, D. 
The escape time distribution is given by      0 0 00 ,domainLesc escf t w x f x t dx  .  Here,  0w x  is the 
spread of initial positions of the first-passage walker. Initial position obeys equilibrium 
exponential distribution    0 0exp C B C Bw x F x k T F k T , where  C eff captureF V is the driving 
force under capture voltage 160mV. DNA’s average escape time from the nanopore is given by 
 
0esc esc
tf t dt   . Note that because diffusive motion dominates the escape process, the initial 
position of the walker actually has little effect on the escape time distribution, as long as the 
initial position is far away from the escape boundary at domainx L .  This insensitivity to initial 
conditions shows that the capture voltage hardly affects the escape time distribution.  The first-
passage model is optimized by using a least-squares fit with two free parameters: eff and D.  
The best fits for esc  are shown as the red curves in Fig. 3D.  The parameter values extracted in 
this manner are 0.53 0.03 /eff e base   , and  0 / 6 2D D  , where 10 20 2.94 10D m s   is 
the diffusion constant of a 1.5nm diameter bead free in solution, 1.5nm being the approximate 
Kuhn length of ssDNA. The fit of these parameters was verified in the same manner as described 
for the time constants  , and it was found that the effective charge and diffusion constant did not 
change beyond their error bars. We also account for the uncertainty in the length per base by 
using the value 0.5 ±0.02nm (24), which leads to an additional 4% relative uncertainty in the 
effective charge density. 
Evolution of the DNA position distribution	
Using our measurement of the electrophoretic driving force and the diffusion constant, we 
calculate the position probability function to evaluate DNA’s position uncertainty under typical 
experimental sequencing conditions.  
The domain of the position probability function is the same as for the first-passage approach:
[0, ]domainx L . The position probability function,  0, ,P x x t , is defined for a walker with a 
starting position 0x  at 0t  as the probability of finding this walker at position x at time t.  The 
position probability function obeys the Smoluchowski equation: 
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P x, x0 ,t 
t 

x
F x 
 P x,x0 ,t   
2
x2 DP x,x0 ,t 
To examine the time-dependence of position fluctuations, we impose an initial condition that the 
ssDNA starts from position 0 04x a , which can be expressed as    0 0,4 ,0 4P x a x a  .  The 
electrophoretic driving force pushes the ssDNA to approach the boundary at 0x  , where a 
simplified, reflecting boundary condition    0 0
0 0
, , , ,
0
Bx x
P x x t FP x x t
x k T 
    represents an 
infinitely high energy barrier created by the fact that the NeutrAvidin molecule is too large to 
enter the vestibule of the pore.  If the electrophoretic driving force is large enough, the walker 
should have a low probability of approaching the boundary at domainx L , signifying escape.  
This can be written as  0, , 0
domianx L
P x x t   . 
The position probability function, plotted in Fig. 4A, shows that an initial displaced delta 
function will develop into the equilibrium exponential distribution in less than 10 secn .  Such a 
fast relaxation time indicates that, during the sampling interval we use to make a measurement of 
the current (100~250kHz sampling rate and 10kHz lowpass filter), the DNA has enough time to 
explore all the possible positions under the equilibrium distribution.  Or, in other words, our 
instrument actually measures a weighted average of position-dependent current over the entire 
equilibrium position probability distribution.  
The relaxation time mentioned in Fig. 4A can be understood intuitively using a back-of-the-
envelope calculation.  A position fluctuation caused spontaneously by thermal motion needs 
some time to be restored to the equilibrium distribution, and this corresponds to the relaxation 
time.  Assuming the thermal fluctuation perturbs the position of the pore’s constriction relative to 
the ssDNA from its original x  0position, where the equilibrium probability 
 exp B Bp Fx k T F k T   is Bp F k T , to a position Bx k T F , where the equilibrium 
probability is  exp 1 Bp F k T  , then the time the driving force needs to restore the 
displacement is greater than the time scale given by  2 ~ 1B Bt k T Fv k T F D ns  , which is 
equivalent to the relaxation time for the given position fluctuation. 
DNA position fluctuations can cause uncertainty when mapping nanopore sequencing data onto 
an actual DNA sequence.  Typically, nanopore sequencing experiments measure a series of 
stable current “levels” that correspond to the bases in the constriction region, and the durations of 
these levels vary.  According to the previous calculation, mapping these measured current levels 
to sequence information only presents a problem in the case where the duration of a current level 
is shorter than the aforementioned relaxation time, since in that case the current measurement 
collected by the instrument will correspond to a local region covering only part of the 
equilibrium position distribution.  Position fluctuations that occur on time scales shorter than the 
relaxation time are irregular and unpredictable.  However, the sampling rate of our instrument 
and instruments typically used for sequencing experiments is about 10us.  The typical duration of 
a current level in a nanopore sequencing experiment is about 5-10ms or even longer (7).  The 
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levels last much longer than the relaxation time for position fluctuations, which means that the 
current averaged over the entire level duration is actually the average of position-dependent 
current over thermal position fluctuations. 
The relaxation time for DNA thermal fluctuations depends on the magnitude of the 
electrophoretic driving force and the diffusion constant of DNA in the nanopore.  Note that the 
diffusion constant measured in an α-hemolysin pore has been reported to be about 300 times (12) 
or 2000 times (13) smaller than that measured in this work.  One might expect that the diffusion 
constant could be larger in MspA than in α-hemolysin due to differences in pore geometry, with 
the long, narrow constriction of α-hemolysin leading to the smaller diffusion constant.   
Additionally, the large difference could be attributed to the fact that these measurements of the 
diffusion constant in the α-hemolysin pore were for hairpin DNA instead of NeutrAvidin-
tethered ssDNA, as it has previously been conjectured that DNA-pore interactions give rise to 
nonexponential behavior in the escape time distribution (13). This is in agreement with our own 
experiments using hairpin DNA in MspA, where we observed that the escape time distributions 
entirely followed a power law and were hence dominated by non-diffusive behavior. Since this 
data cannot be explained by a first-passage model, the effective charge and diffusion constant are 
no longer well-defined.  This observation emphasizes the importance of studying escape kinetics 
using an ssDNA-NeutrAvidin complex due to the reduction in undesired DNA-pore interactions. 
Previous research has also mentioned that positive charges in the MspA vestibule can enhance 
the capture capability of the pore (1), and we expect they might interact with the duplex of a 
hairpin.  Additionally, the driving force for poly-dA in MspA may depend on the specific pore 
mutant.  It is also natural to expect that the driving force or diffusion constant could differ for 
different homopolymer ssDNA, due not only to the identity of the different bases but also to the 
differences in secondary structure. 
So far, regardless of all the possible factors that could impact the diffusion constant and 
electrophoretic driving force, one conclusion is unchanged: The relaxation time for DNA thermal 
fluctuations in an MspA pore is much shorter than the time scale over which a sequence-specific 
current signal is measured.  And a key point for future work is that DNA sequencing experiments 
could suppress thermal fluctuations in DNA’s position by using a larger driving force.  This is 
true for all protein pores and solid-state pores.  Fig. 4B shows that a larger driving force can 
make the position probability distribution narrower.  We define the driving force of 0.54e/base 
with 100mV across the pore as the unit force F0, and quantify how the spread of the region 
encompassing 99% of the position probability distribution depends on driving force.  This is 
shown in the inset of Fig. 4B.  As the driving force becomes three times larger than F0, the 
position fluctuations will mainly be confined to a 1-nucleotide region.    
We expect the thermal position fluctuations we have evaluated for clamped ssDNA in MspA to 
be highly relevant for nanopore sequencing applications.  In previous MspA pore reports (2, 4-6), 
the number of nucleotides contributing to a single current level measured in an MspA pore was 
estimated to be about 3 or 4 at 180mV bias.  The "nucleotide resolution" of the device can be 
characterized by the current change caused by a single heteromeric substitution in homopolymer 
ssDNA.  As shown by Laszlo et al. (4), reproduced here in Fig. 5, the presence of a single G 
substitution in a poly-dA strand has a large effect on ionic current when the G substitution is in a 
specific 2-base region, since GAAA and AGAA deviate from AAAA by 23%.  Here the 
sequence denotes which bases are in the constriction of MspA, leftmost being the first through 
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the pore.  As the G substitution moves to AAGA and AAAG, the current value deviates from 
AAAA by 3.7%.  Beyond this 4-base region, the substitution’s impact on the current is reported 
to be negligible.  This data is in agreement with the limits on nucleotide resolution imposed by 
the position probability function we calculated in Fig. 4B, where under 180mV driving voltage, 
99% of the distribution curve is spread over a 1.3-base region, not including the first base located 
at x  0.  We expect that as we update the reflecting boundary to a repulsive force  barrierF x , 
the position probability distribution should spread slightly beyond x  0. This repulsive force 
would have a finite magnitude over a certain region due to effects like DNA stretching (24). 
State-of-the-art nanopore sequencing strategies rely on the measurement of ionic current through 
a voltage-biased nanopore as a DNA molecule is ratcheted, in single base steps, through the pore 
by discrete enzymatic action (7).   Position fluctuations of the enzyme itself during the phase of 
the ratcheting process when the enzyme is stationary on the DNA could in turn contribute to 
position fluctuations of DNA.  These thermal motions ultimately provide a limit on the 
nucleotide resolution of nanopore sequencing devices.  Other limits result from the chemo-
stochastic timing of the ratcheting enzyme and the finite number bases influencing the ionic 
current even in the absence of thermal fluctuations.  In addition, the resolution can be further 
impacted by nucleotide-pore interactions, which remain uncharacterized. 
CONCLUSION	
Using the first-passage formalism, the effective charge and diffusion constant of ssDNA in an 
MspA nanopore have been extracted from an ssDNA-NeutrAvidin escape experiment. The 
position probability function for ssDNA in MspA based on these two parameters shows that the 
stochastic dynamics of DNA manifest as high frequency noise, beyond the sampling rate of our 
current amplifier.  For the time scales typically used to characterize a current level during 
sequencing experiments, the thermal motion averages the signal over an extended domain of a 
few nucleotides.  Such thermal averaging inevitably contributes to the nucleotide resolution of 
the device; however, comparisons with nucleotide resolution in previous MspA work show that 
thermal motion is likely only one of several important factors that determine the overall 
nucleotide resolution.  The magnitude of the electrophoretic driving force required to optimize 
the nucleotide resolution of an MspA nanopore device has been identified.  In the future, other 
sources of position fluctuations such as DNA-pore interactions and enzyme ratcheting action will 
require further investigation in order to better interpret nanopore sequencing data and develop 
devices with improved sequencing accuracy. 
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FIGURE LEGENDS 
Figure 1. (A) In this schematic diagram, ssDNA is trapped inside a nanopore by a molecular 
stop, which opposes an electrophoretic driving force.  For nanopore sequencing strategies, 
thermal motion’s impact on nucleotide resolution can be described by a position probability 
function, which depends on the driving force and diffusion constant of DNA.  (B) The energy 
11 
landscape for a trapped ssDNA in an MspA pore.  The gray sphere is an attached NeutrAvidin 
molecule that prevents the ssDNA from translocating through the pore.  The escape rate and time 
for such trapped DNA depends on the driving force and diffusion constant of DNA. 
Figure 2. (A) Schematic figure of an ssDNA-NeutrAvidin complex being captured (i, ii) and 
escaping (iii, iv) from an MspA pore.  (B), (C) The dynamic voltage and current trace 
demonstrate the capture and escape process.  The definition of escape time has been labeled in 
(C).   
Figure 3. (A) Escape time distribution for ssDNA at 40mV clamping voltage.  The same escape 
time distribution is plotted on log scale axis in (B) and (C) to show the exponential decay profile 
at short times.  (D) Plot of the average escape time as a function of clamping voltage.  The red 
curve is the first-passage calculation fit.  D0 is defined as the diffusion constant for a 1.5nm 
diameter sphere in free space. 
Figure 4. (A) The normalized DNA position probability function evolves from a delta function 
to an equilibrium exponential function within 10nsec at 140mV driving voltage.  F0 is 17pN, 
defined as the driving force for 0.54e/base charge density ssDNA at 100mV.  D0 is defined as the 
diffusion constant for a 1.5nm diameter sphere in free space.  (B) The equilibrium position 
probability function under different electrophoretic driving forces.  The inset shows the region 
encompassed by 99% of the position distribution function, and its dependence on the driving 
force. 	
Figure 5. Data taken from Laszlo et al., a previous report about MspA sequencing data.  Plot 
shows the current signal corresponding to a 4-mer sequence with a G substitution at different 
locations.  The error bar on each point is the standard deviation of the mean current level for the 
specific 4-mer sequence measured at different positions along phi X 174 DNA. The inset shows 
the orientation of AAGA inside the MspA pore. 
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